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ABSTRACT: [he results of a numerical integra-
tion of a system of equations for a stationary
source of nonequilibrium hydrogen plasma are
given., Collision-radiation recombination ig
congidered to be the ’‘governing elementary pro-
cess. To eclarify the effeet of resorption, a 4
ealculation was performed for the cases of op-
tically thin and Yptically thick plasma for

all forms of radiation, and the optically thick
plasma only for resonance -radiation. In the N
flow region, considerable disturbance of ther-

mal and itonization equzlzbrzum was observed.

. Regorption of radiation leades to a considerable
deviation of the electron temperature from the
temperature of the heavy particles and a de-
erease in the recombination rate, In a quasi-
stationary appromzmatzon, the populations of
the hydrogen levele were determined on the basis
of the values obtained for the concentration and
temperature of the elecirgns. '
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During rapld expansion of a plasma, such as occurs (for exam-
ple) when there is supersonic flow into a vacuum, the #esult is a
highly nonequilibrium state of the gas. Characteristic features of
this state.include a difference .between the temperatures of the e-
lectrons and tﬁ? heavy particles (Tg > I'), increased electron con-

centration Ne,relatiVe to equilibrium and an excess concentration

of atoms in the higher excited states. Under certain conditions,
there may be inverse population of the excited states, which can be
of definite practical interest.
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The aboyve phenomena'have been studied theoretically and exper- -

imentally in'[1-6]. The present paper contains a calculation of
the plasma parameters, including a calculation of the population
levels, for flow in a spherical source. We selected hydrogen as
the working substance, because the values of the parameters enter-
ing into the calculation are relatively well-known.
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Basjc Assumptions
We will assume that the hydrogen plasma on the original spheri-
cal surface consists of electrons, ions and atoms. At the initial
parameters chosen (see below) the initial degree of dissociation is:
high, although the formation of molecules in the flow can be disre-
garded inasmuch as the recombination rate is low relative,to the
expan31on rate. The equilibrium concentration of negatlve hydrogen

1on% under the condltlons of interest to us here does not exceed
10 [71. !

We will consider flow following the disturbance of ionization
~equilibrium, assuming that the yelocity of all components is equal
and that the plasma is quasineutral.

We will furtHermore consider that the critical elementary pro-
cess is collision-radiation trecombination, which is a comsequence
(;) of the recombination -of ‘electrons into upper excited levels in
triple collisions and (2) of cascade transition to the ground level
(see for example [8]). For determining the kinetics of the -popula-
tions of hydrogen levels duflng motion of the plasma, it is. neces-
sary to solve jointly a system of differential equatlons for- popula-‘
tion balance and equatlons of hydrodynamlcs. /611

sa————;
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However, when the concentratlon of excited atoms N, (% # l) sa-
tisfies the condltlons'

Nmm, Nhegzv.,, (ksei), R (1)
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it is possible to have a‘quasistationary solution to the system of
equations for population balance. It results that the prelaxation
time of the kK # 1 level is significantly less that the relaxation
time of the ground level or of the free electrons. The population
of the k # 'L level then changes extremely slowly in comparison to
the rate of formation and destruction of the systems at the level
in question. .The differential equations for population balance are
replaced by a system of algebraic equations which make it possible
to determine Nk(k # 1) from Ne and Te9 which are known from the hy- -

‘drodynamic calculation. Then, in addition to condition (1), the
© following condition must be satisfied:

[]
¥

(1 Th‘gﬁg’ﬁ | (2)

‘where Tg is the relaxation time of the k% # 1 level and rg is the
characteristic hydrodynamlc time. '

The area of parameter changes covered below satisfles condi-
tions (1) and (2). At considerable distances from the pole of the
; .
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source, with T 500°K, their destruction takes place, and the quas

sistationary approxlmatlon makes it possible to obtain only semi-
‘quantitative results. ok

System of Equations
T
The system ef hydvaéyﬁamia equatiens, ineluding the sequations
of conservation of mass, momentum and energy as well as the equa-
tions of state, has the form
i
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In the above, p = pressure, WV = concentration, u = velocity of
directed motlon, m = particle mass, 7T = temperature, r = distance

from the source pole, The subscripts e, ¢ and a represent electrons,
ions and atoms, respectively. The values of the recombination co-
efficient a(Né, Te) are taken from [8].

The rate of energy transmission from the electrons to the heavy
particles in elastic collisions § at a certain degree of ionization
are wholly determined by the electron-ion collisions. The value I%* /612
represents that part of the recombination energy which returns to
electron gas‘upon deactivation of the excited states by electron col-
lisions of the second order. A portion I = I%* of the recombination
energy is radiated in spectral lines. A certain. part of this energy
can also be converted into thermal energy of electrons if a part’ of
the radiation is resorbed in the plasma. Resorption of the resonance
radiation plays a critical role in the energy relationship.

In order to show’the effect of resorption on the plasma para-
meters;, let us examine three cases:
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(1) A plasma which is optlcally thin for all forms of radia-
tion [9]:

o —31 iO“N"’ "“1
(2) A plasma which is optically thin for all forms of radia-

tion except the L  line: ’
¥ A

Iy =10,45 eV).|

(3) A plasma which is optically thick for all forms of radia-;
tion: . .

PRl g=1mev),

Plasma Parameters -

With the aid 6f some s&mple transformations, the system of e-
quations in (3-11) was conyerted to a system of five dimensionless
first-order differential equations, suitable for machine calcula-
tion. Numerical integration was performed on the "Ural-1l" computer
using the Runge-Kutta variable* pltch method The following raw da-

ta were selected: ro‘ t1 em, N = N. = 101 cm"3,'IVa0 = 101 em‘s,

T,o = 5+10%3 ek, T  ='4.5.103 °1<, u, = 106 cm/sec.
7’ ' _ -
The initial valueé'bf T and T were chosen from the balance
condltlons ;

f

0 = I'aNz. ’
Figure 1 shows the results of calculating T » Ty N Na and a
for flow regions 1 < » < 10 cm. The values of the parameteﬁé for

the optically -thick plasma (Case 3) are practlcally the same as
those for a plasma which is optically thick only in the Lu line

(Case 2). A comparison of the findings in Cases 1, 2 and 3 shows
that resorption of radiation leads to an increase in Te’ Ne and the

degree of ionization, as 'well as a decrease in the recombination
coefficient.' The latter is explained by the strong temperature-

dependence a'ﬁ.T‘glz. The recombination coefficient changes slight-
ly at large r. The sharp increase in a in the vicinity of the
initial surface is related to the assumed value of the electron tem-
perature T s which (generally speaking) is determined By the pre-

vious history of the flow. With a real expansion of the plasma, we
must expect smaller gfadlents @ at » ~1 cm.
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Concentration of Excited
"Atoms

The concentrations of hydro-
atoms at various excited states’
calculated as functions of Te
Ne in [8, 10, 11]. s Figures 2
3 show the populations of ”k

a series of low excited states, ’
relative to the statistical welghts
g; calculated with the data 1n L8]

the values we obtalned for T
N for various r.

The higher excited states

(k > 5-6) are in equilibrium with

one

another and with the electron

continuum. In the case of an”op-

, entire flow field is characterized
(2) Plasma Optically Thin for All by .inverse population of the upper

levels relative to the second level

(and beginning with r ~ 3-4 ecm,
(3) Plasma Optically Thick for 'All relative to the third level as
well). For a plasma which is op-
tically thick in the L line, the

population of the second level increAases to 1012-3013 cm'3 (see be-
low). Hence, there is ‘ne’ question of inversion with respect to the
second level in a weakly-ionized plasma with 81gn1f1cant optical

. Resorption of L is practically nonexlstent in the popu-

thickness

lations N

and Nu,

if T does not'’ exceed 2000 and uOOO°K, respective-

ly. Beginnnng with »r ~,3 cm, there is inversion for vapor of the
3, and beglnnlng with » ~7 em, for vapor of’ 1evels 5-3.
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Coefficient of Amplification of Radiation
and the Effect of Resorption

coefficient of amplification of radiation with inverse po~
levels is calculated by the formula L-

*
* e A e g
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;
the Stark curve; s(\A) =

taneous,tran81tion.

»

ﬁ ’ ! .
; "M““-——s(l)hz*guAu(-Ig-—«-—)YL) (12)

&

‘the Doppler curve,; 8(A) = vYwln2A2/cAA.

A2/meb)r, where s8()) is the coeffi-
cient of the shape of the spectral line and AkZ is the probability

\,
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-Fig. 2. Population of Levels it Fig. 3. Population of Levels in
a Source Which Is Optically Thin a Source Which Is Optically Thin
for All Forms of Radiatien.. . for All Forms of Radiatien

e : | Except the Lu Line.
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_, . For the source in question,
, the halfwidth of the lines A) is

' within the limits from 0.2 to 2.5

) ) while the curve of the Hm line

. 1is determined practically complete-
/ ly by the Doppler effect; for tran-

l[ *  sitions from the fourth and fifth
Al levels at r < 2-3 cm, Stark expan-
e sion predominates.

o0 J ’

-/ The coefficients of amplifi-

cadtion for an optically thin plas-
ma and a plasma which resorbs only
the L line are showne.in Figure 4.

For transitions 4#-3 (A = 1.88 u) and 3- u (A = 0.65 pu) in the case of
an optically thin plasma, the coefficient of amplification is rather
high. Even in the case of a radiant layer 1-3 cm thick, the ampli-
fication reached a level of 3%, sufficient for compensation of final
losses in the resonator. Con51derable amplification is also achieved
for the transition 4-2 (HB), while in a plasma which is optically

Fig. 4, éﬁange in Coeffitient of
Amplification along the Radlus of
the Source.

thick for La it is also obtained for the transition #-3.

{ Resorption of radiation produced by transitions at the second/, /61
{ level has 'little effect on the values of N and Te’ but can reduce
* inversion markedly

Let us estimate the optical thickness of the source plasma in
the Lu and Ha lines. Significant resorption of lines with a Doppler

curve in & layer of thickness 2 occurs under the condition that

'k(iaj);’i 10*”‘1'"’*Mx>1 k(l};);ﬂswﬁﬁi. ‘fﬂ,y;f

' !
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Assuming that the radiation leaves the source in -a radial direction,
- for a point with the coordlﬂate r we will assume the conditions

k(La) 2 iO-“Nl(r)r >4, k(Ha) = 10‘1’N2(")J> L

Numerical analysis will show that over the entire flow field k(L ) >»

1, the resonance radiation is completely retained and the optically
thin plasma is not realized. The populatlon rate of the second lev-
el can be estlmated by the formula

' ay de = oA RN

(the values of the coefficient R are'glven in [8]). Even at a dis-
tance on the order of 0.1 cm from the original surface, N, reaches
1013 cm=3 and decreases further quite slowly. Hence k(H) > 1,

r

) t .
the Ha line is resorbed in .3 considerable part of the source, and

the population N3 can increase noticeably.

A more precise détermination\of the concentrations of excited
atoms, inversion and the cqéfficients of amplification requires so-
lution of the problem of radiation transfer in the source,
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